Tree transpiration is important in the recycling of precipitation in the Amazon and might be negatively affected by El Niñ o -Southern Oscillation (ENSO)-induced droughts. To investigate the relative importance of soil moisture deficits versus increasing atmospheric demand (VPD) and determine if these drivers exert different controls over tree transpiration during the wet season versus the dry season (DS), we conducted sap flow measurements in a primary lowland tropical forest in eastern Amazon during the most extreme ENSO-induced drought (2015/2016) recorded in the Amazon. We also assessed whether trees occupying different canopy strata contribute equally to the overall stand transpiration (T stand ). Canopy trees were the primary source of T stand . However, subcanopy trees are still important as they transpired an amount similar to other biomes around the globe. Tree water use was higher during the DS, indicating that during extreme drought trees did not reduce transpiration in response to low soil moisture. Photosynthetically active radiation and VPD exerted an overriding effect on water use patterns relative to soil moisture during extreme drought, indicating that light and atmospheric constraints play a critical role in controlling ecosystem fluxes of water. Our study highlights the importance of canopy and subcanopy trees to the regional water balance and highlights the resilience to droughts that these trees show during an extreme ENSO event.
Introduction
Climate change may change rainfall and soil moisture levels in the Amazon basin, but uncertainty in the ecosystem response to drought limits confidence in the predictions [1] . In this region, severe droughts frequently occur during El Niñ o events (ENSO; Southern Oscillation inducing drought events) [2] [3] [4] . The frequency, magnitude and spatial extent of ENSO events are increasing, impacting ecosystem processes such as tree mortality and water use patterns by trees [5, 6] . Changes in water use by Amazonian trees may have important consequences, because they provide hydrologic regulatory services at continental to global scales.
Transpiration (T ) of Amazon forests is an important source of water to the atmosphere [7] [8] [9] [10] . A significant proportion of precipitation falling in the Amazon is recycled through forest transpiration forming a humid air mass that provides an important source of precipitation for large areas of South America [11, 12] . Extreme drought events that cause large-scale tree mortality can disrupt this precipitation recycling process [8, 12] . Sap flow methods are a valuable approach to understand the connection between environmental & 2018 The Author(s) Published by the Royal Society. All rights reserved.
variables and forest stand transpiration (T stand ) [13] . In addition, it is possible to scale up and model T stand [14 -16] and investigate the effect of drought on ecophysiological parameters such as stomatal conductance [17] , reverse sap flow [18] and hysteresis responses between sap flow and vapour pressure deficit (VPD) [19 -21] . Hysteresis is an important factor that reflects tree function and catchment hydrology dynamics [19] . Hence, studying the dynamics of tree water use strategies using sap flow measurements allows for an assessment of hydraulic trade-offs and whole-tree responses to multiples environmental variables. In the Amazon, this information is critical to better parametrize models and to accurately predict changes in species composition resulting from climate change.
To understand the resilience of hydrologic regulatory processes under climate change, it is important to understand how extreme droughts affect T at the tree and forest stand scales [22, 23] . In natural droughts, low soil moisture usually occurs in conjunction with high temperature and VPD [24] . Conversely, large-scale experimental droughts in forest ecosystems cannot control both atmospheric VPD and soil moisture [24] [25] [26] . Consequently, extreme ENSO-induced drought events, and their associated soil and atmospheric water stress offer an opportunity to understand whole-tree responses to drought. In this study, we assessed environmental controls on tree water use in a seasonal tropical rainforest in the eastern Amazon during one of the most extreme ENSO-induced droughts recorded for this region [5, 6] . In this study, we addressed the following questions: (i) Do trees occupying different canopy strata contribute equally to the overall T stand while subjected to low soil moisture and high VPD levels? (ii) What are the main environmental drivers controlling tree transpiration during an ENSO year? (iii) How do the main environmental drivers change between the wet and dry seasons during an ENSO year? and (iv) How does the hysteresis patterns in sap flow respond to environmental drivers during an ENSO event?
Material and methods (a) Study site
This study was conducted from October 2015 (middle of the dry season, DS) to April 2016 (middle of the rainy season, wet season, WS) in a mature ombrophilous lowland Amazon forest fragment under the management of AGROPALMA, Inc. in Tailândia, Pará, Brazil (2831 0 S/48853 0 W at 40 m.a.s.l.) The vegetation is characterized by dense, species diverse, evergreen forest whose trees ranged from 25 to 50 m in height [27, 28] . The area has a flat relief with soils classified as yellow clayey latosol. The climate is characterized as tropical (Af) according to Kö ppen's system with a 30-year mean of 2 344 mm yr 21 , with 80% occurring from January to July, and a distinct short DS between September and November with a mean monthly precipitation of 54 mm [29, 30] . Mean annual temperature is 268C and the relative humidity is around 85% [31] . This study site was chosen because it is one of the largest forest fragments within AGROPALMA and also close to a security station (details in the electronic supplementary material).
(b) Environmental parameters
We measured air temperature and relative humidity (HMP50-Campbell Scientific, Inc., Logan, UT, USA), net radiation (CNR2-Campbell Scientific, Inc.), photosynthetically active radiation (PAR) (LI190SB-Campbell Scientific, Inc.), precipitation (RG3-Onset) using a micrometeorological station 2 m above the ground installed in an open pasture approximately 15 km from forest plots. We also measured soil moisture using sensors (EC-5, Decagon Devices, Inc.) at depths of 20, 50 and 100 cm in three different areas near the sap flow stations within the forest air temperature and relative humidity were used to estimate VPD.
(c) Sap flow measurements
Study sites were placed 200 m from the forest border to avoid edge effects on species diversity and forest structure and function (see electronic supplementary material for detail). We installed three sap flow stations 100 m from each other and selected a total of 36 trees; however, due to power supply issues and sensor failures, we decreased the number of sensors to 25 (electronic supplementary material, table S1). All trees were selected to represent the diameter distribution of the site and, based on their crown exposure, were classified as canopy or subcanopy trees.
We installed heat dissipation -type sap flow sensors (HDM) at chest height (1.30 m) to monitor sap flux density (Js: g cm 22 h 21 ; [14] ), and we covered all sensors with a thermic blanket to reduce external temperature influences (see electronic supplementary material). All canopy trees (n ¼ 15) had a diameter at chest height (DBH) . 30 cm and had crowns fully exposed to solar radiation, whereas subcanopy trees (n ¼ 10) had a DBH , 30 cm and most of their crowns were located beneath the dominant canopy with reduced light exposure. The DBH range of individuals sampled was 10 -109 cm (electronic supplementary material, figure S1 ).
To determine active sapwood area (ASA), we injected a 1% safranin solution into a 15-cm-deep hole drilled 10 cm to the left of the sap flow sensor. Two hours after the dye injection, we collected a core sample 2 cm above the hole using an increment borer, and visually measured sapwood depth and bark thickness. The uncertainty of the variability of the sapwood depth radial profile was considered in our statistical analysis as a possible source of error (see the Statistical Analyses section). To obtain the individual tree water use, we multiplied the ASA by the hourly Js. Daily water use, or daily sap flow (DSF, l d
21
), per tree was estimated by integrating Js estimates for each day.
(d) Scaling up sap flow measurements to estimate forest water use
To derive whole stand water use, we first established a 1 ha plot around our sap flow stations and measured every tree with DBH . 10 cm (electronic supplementary material, figure S1 ). The measured DBH distribution was used to predict sapwood area based on a nonlinear relationship between ASA as a function of DBH of the sap flow trees (electronic supplementary material, figure S2 ) described as follows:
To account for the uncertainty of the intercept (b) and slope (a), we performed a bootstrapping analysis (n ¼ 1000 runs; boot package on R software [32] ). Within each run, the bootstrapping removes one random regression point between ASA and DBH and estimates a and b parameters. Using the average parameters from 1000 runs at a 95% confidence interval, allowed us to account for the bootstrapping uncertainty (BU) of our ASA estimates. To estimate T stand (mm; equation (2.2)), we calculated the stand sapwood area and uncertainty as a unit of ground area (S t -m 2 m
22
), the proportion of sapwood of each diameter class ( p i ; each 10 cm DBH from 10 to 100 cm, including all plants greater than 100 cm within the same class) and the daily sap flux density of each DBH class (F Di ). With these data, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180085 T was calculated following Granier et al. [33] considering the BU as follows:
ð2:2Þ
(e) Statistical analysis
We used R 3.3.3 (R core team 2017) to perform all statistical analyses [34] . To fill gaps in the sap flow dataset caused by the failure of sensors or power supply, we performed a generalized additive model using the 'bam' function from the mgcv package [35] (see electronic supplementary material for more details). To identify ENSO effects on tree transpiration, we split our dataset into two time periods; data prior to 15 January 2016 were considered part of the DS and data after this date were classified as WS (figure 1a). We performed t-tests to assess significant differences in DS and WS transpiration, and we used linear and nonlinear models to assess relationships between predictive variables (VPD, PAR, soil VWC and air temperature) and T. We chose the best model defined by AIC criteria by testing if the linear or nonlinear model was the best fit. For VPD and PAR, we only used daytime data (05.00 to 19.00). To perform the nonlinear model, we used the 'nls' function and the self-start model 'SSlogis' to evaluate the logistic function and its gradient using the base statistical package in R. We performed an ANCOVA to identify differences in the slopes between two linear models.
For each individual tree, we analysed the diurnal hysteresis in Js at different hourly VPD and PAR, normalizing each parameter, by dividing by the maximum value of each parameter. We calculated the hysteresis area (H ) using the 'polyarea' function from the geometry package [36] . This function calculates the area of a polygon by a triangle method and both variables must have the same shape; for this purpose, we used normalized data and obtained an adimensional parameter. (b) Upscaling sap flow and active sapwood area to calculate plot-scale transpiration
Results
The mean DSF measured from all trees during the study period was 45 (+73) l d
21
. 
There was a positive correlation between ASA as a function of tree DBH. The best model to describe the ASA Â DBH relationship defined by AIC criteria (AIC ¼ 74. electronic supplementary material, figure S3D ). Based on the aforementioned results, we used the plot-scale DBH distribution data to estimate the stand sapwood area. The total estimated sapwood area of trees (DBH . 10 cm) in one hectare was 13 
(d) Seasonal hysteresis effect
Transpiration rates exhibited a clockwise hysteresis of normalized hourly-daily average Js in relation to VPD with larger Js for a given VPD during the morning, compared to the afternoon ( figure 7) . However, the normalized hourlydaily Js exhibited a counter clockwise hysteresis with the hourly-daily PAR variation. Furthermore, there were significant changes in the VPD derived hysteresis area (H VPD ) among seasons for the trees (electronic supplementary material, figure S4 
Discussion (a) Site-level water use
At our study site, the forests return approximately 57% of rainfall back to the atmosphere via forest transpiration (1337 mm). Studies performed in the Amazon have found similar recycling rates, 67-74% in Caxiuana [12] and 37% in Manaus [10] . In a subtropical Atlantic forest in the BrazilArgentina border, the recycling rate reached 64% [37] . Moreover, our estimates are in concordance with a standard global maximum evapotranspiration (ET) for the tropical forest (approx. 1500 mm yr
21
) [38] . Assuming canopy interception (Ei) equals the reported average of approximately 17% of ET [38] and soil evaporation in a closed dense forest accounts for a small percentage of total ET due to the multiple canopy layers [37] , the estimated annual ET at our site increases to 1564 mm yr 21 , which is similar to the ET versus precipitation relationship described by Kume et al. [38] .
(b) Contribution of different tree strata to stand-level transpiration
Similarly to other tropical research, canopy trees transpired much more water relative to subcanopy trees [10, 37, [39] [40] [41] [42] . At the tree level, water consumption was positively related to trees size (electronic supplementary material, figures S2-S4). Similar to other tropical rainforest sites, the largest trees (DBH . 30 cm) recycled about 81% of precipitation inputs via transpiration [10, 41, 42] . Hence, large trees are an essential component of the hydrological cycle of tropical forests globally [7] , and consequently, the expected large tree mortality due to drought-induced water stress in Amazon forest [43] [44] [45] may cause an imbalance in ecosystem services provided by tropical forests [8, 10] . The lower transpiration rates observed from subcanopy trees (figures 3 and 4) may be related to biophysical constraints caused by their relatively low sapwood area (electronic supplementary material, figure S3A ), lower total leaf area (Mauro Brum 2015 -2016, personal observation) despite their higher stem density (electronic supplementary material, figure S1 ). In addition, the reduced VPD and PAR within the forest understory probably reduce T subcanopy . Despite subcanopy trees contributing less to total T stand , the magnitude of T subcanopy should not be neglected (0. 64 Caxiuana concluded that a reduction of 40% of trees biomass resulted in a 30% reduction in total forest transpiration [12] . figure S2 ). Similar to Caxiuanã site [47] , we observed a significantly higher water use during DS relative to WS (figures 2-4). The VPD, PAR, soil VWC and air temperature are strong determinants of seasonal patterns of forest transpiration, mainly for canopy trees. However, the model fitted to describe each relationship differs. There is a positive linear relationship between PAR and T. By contrast, the relationship between T and VPD, soil VWC or air temperature were all better described using a nonlinear function. In the case of VPD, soil VWC and air temperature, there is a saturation point where the T stops increasing with increasing levels of the independent variable. As proposed by O'Brien et al. [48] , T had a sigmoidal relationship with evaporative rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180085 demand index which was higher determined by VPD and PAR (logistic S-shaped pattern). T canopy and T subcanopy did not stabilize at higher PAR. We also demonstrated that PAR effect was stronger for canopy trees. Unfortunately, the lack of micrometeorological sensors at vertical profiles within the forest precludes a better understanding of why these differences occur.
Because forest transpiration did not saturate at high PAR, but at higher VPD, there is probably a threshold of VPD that controls the maximum transpiration [49] . In both the DS and WS, T canopy and T subcanopy increased in response to higher VPD. T canopy reached maximum rates in DS when the average daily VPD was greater than 1 kPa, while T subcanopy reached maximum rates during WS when the observed VPD was greater than 0.5 kPa (figure 5). After reaching a VPD threshold, trees start to regulate transpiration to a constant value. Subcanopy trees may have a lower tolerance to high VPD, thus closing their stomata before larger trees [50] . However, the average diurnal normalized Js indicates that subcanopy trees showed an overall increase in Js and 11% higher water use during DS even with the maximum T rates occurring at lower VPD. The VPD demand within the forest is buffered by the canopy layer and the environmental condition within the subcanopy environment that allows for a lower VPD even if the VPD in the canopy is higher. Larger trees in seasonal eastern Amazon, due to their developed root system, are more likely to reach deeper soil water reserves, thus allowing for T at high VPD [51 -55] . Alternatively, these trees may have adapted to higher leaf temperatures and consequently higher VPD in the canopy environment with thinner boundary layers. The energy required to induce water flow through the xylem relative to only stomatal regulation among trees of different sizes may be an alternative explanation for the disparity between observed limiting VPD threshold and T in subcanopy trees. Taller trees need to overcome a greater pressure drop because of gravity to reach their maximum T. While the distant location of our meteorological station creates some uncertainty regarding the precision of the relationships between independent meteorological variables and T, the general response to changing meteorological conditions is probably valid.
The forest was able to tolerate the DS without restriction on T in response to reduced shallow soil moisture (first 1 m of soil) (figure 5). Within the DS, there was a period of 21 days with high water deficit and no precipitation when VPD greater than 4 kPa (figure 1a), which represented one of the strongest atmospheric droughts observed in this area since 1983 (figure 2). During this period, trees reduced water use rates in response to increasing VPD and declining soil VWC. Subcanopy trees had lower water use than canopy trees ( figure 6 ). Despite the water use reduction, the total water use was still higher during DS compared to WS, suggesting that soil water availability did not become strongly limiting during the extended DS [47] . We documented a 40% higher transpiration of canopy trees during DS (lower soil moisture) than WS, while subcanopy trees experienced greater limitation to water use (11% higher). Since we measured soil moisture to a depth of 1 m, we confirmed that shallow soil water depletion occurred rapidly via transpiration and that access to deep water sources maintained transpiration during the DS. In fact, deep roots provide a drought avoidance strategy in Amazon forests, increasing short-and long-term resilience to drought [53, 56] . The extensive water loss observed during the DS by subcanopy trees (figure 7) may indicate a reduced ability to control water use. This may represent a strategy to maximize productivity when the light is more abundant within the subcanopy layer [57] . During the DS, water use by subcanopy trees exhibited a conservative response during the 21-day ENSO-induced peak DS with no precipitation (figure 6), and to the associated increasing VPD and declining shallow soil water content (figure 5). The combination of reduced water supply from shallow soil and high VPD may induce a strong stomatal control during the extreme drought [58] , providing evidence that subcanopy trees can exert relatively strong stomatal control and thereby alter their water use strategy under extreme drought.
The classification of plants along a continuum of isohydricity to describe their water use patterns [59] is still under debate due to large discrepancies among classifications [60 -63] . Although subcanopy trees in our study exhibited an anisohydric strategy during the DS (figure 7), they shifted to a more strongly isohydric behaviour during the ENSOinduced peak water stress (figure 6). These results are in accordance with the analysis by Hochberg et al. [60] , where they proposed that iso/anisohydry classification depends more on temporal plant -environment interactions, rather than relatively simple and static hydraulic traits. Consequently, such classification systems depend on the definition used and the environmental context in which plant is growing, rather than describing a single intrinsic property of the plants itself.
Changes in VPD and PAR, rather than shallow soil moisture, controlled tree water use in our study (figure 5; electronic supplementary material, tables S2 and S3). By disentangling the impact of these drivers in ecosystem water cycling, we highlight the importance of atmospheric constraints and light availability to carbon and water fluxes in Amazon forest ecosystems [22] . Elucidating this pattern is particularly important because models suggest a global increase in VPD, yet the projected shifts in soil water content are lower and less uniform for evergreen forests [64] . As proposed by Sulman et al. [58] , our results demonstrate the importance of including VPD in experiments, models and analyses related to drought. Droughts integrate atmospheric demand and reductions in soil water availability but are often referred to only in terms of soil water availability while ignoring atmospheric demand [24, 58] . Understanding the role of both environmental parameters on tree physiology is imperative because drought-induced tree mortality is related to the ability of trees to withstand low soil moisture and/or higher VPD to avoid xylem embolism formation [45, 65] .
(d) Seasonal patterns of sap flow and underlying drivers of hysteresis?
There were clear patterns of hysteresis observed for Js independently of tree canopy position (figure 7). The degree of hysteresis given by H VPD and H PAR was larger during DS than WS (electronic supplementary material, figure S4 ), thereby demonstrating seasonal differences in hysteresis
patterns. An irrigation experiment conducted in a Eucalyptus globulus plantation in Tasmania, Australia showed that hysteresis was larger during periods with high VPD despite greater soil water availability, suggesting that H VPD is more strongly affected by changes in VPD than soil moisture [20] . Similar to Zeppel et al. [19] and Zhang et al. [21] , changes in H VPD during our sap flow monitoring period were significantly correlated to maximum daily VPD, whereas soil VWC showed a lower, yet still significant, effect on daily H VPD ( figure 8 ).
The hysteresis induced by the daily PAR cycle was counterclockwise and had a lower area. The effect of maximum PAR on the H PAR was smaller than the effect of VPD on the H VPD , highlighting the important difference between PAR and VPD on tree water use. For example, around noon (10 -14 h), H PAR was reduced and was best described by a linear relationship. As reported by Zheng et al. [66] in an Alpine meadow shrubland, by Bretfeld et al. [67] in a tropical forest, and by our results (figures 7 and 8), phase differences exist between H PAR and H VPD . The weaker H PAR showed that incident solar radiation induces a less distinct hysteresis pattern than atmosphere water demand. This may have occurred because of the observed linear and nonlinear responses of T to changes in PAR and VPD. The extensive water use during the morning, when light intensity is lower but VPD is favourable was driven more by VPD than by PAR. The weaker relationship with PAR may have occurred because leaf wetness from accumulated dew at night that inhibit the diffusion of light [42] . However, at midday when light availability is higher and more favourable to photosynthesis, transpiration starts to be increasingly limited by VPD inducing a lag response between water demand and supply.
Lags between environmental drivers and storage compartments appear as complex interactions between exogenous and endogenous factors determining H, and therefore, may help explain the observed hysteresis in Js [19, 21, 66, 68] . When considering VPD and soil VWC as potential exogenous controls on H VPD , VPD exerts a much greater effect on hysteresis. However, it has been suggested that an increased resistance in the soil-plant -atmosphere continuum may function as the main determinant of the observed pattern in seasonal hysteresis related to endogenous factors [19, 39] . Notwithstanding, O'Grady et al. [20] noted that soil-to-leaf conductance was constant throughout the day and stem capacitance had no effect on H VPD in a E. globulus plantation. They argued that H VPD is a result of a delay in the changes in stomatal sensitivity to VPD as a response to changes in leaf resistance. Nevertheless, it is difficult to state that increases in H VPD are only a result of stomatal control because this contradicts the observed increases in the diurnal course of Js during DS, which we interpreted as a reduction in stomatal control, especially for subcanopy trees ( figure 7) .
The observed time lag between Js and VPD may result from internal water storage. It is possible that there was no significant exchange between T and living tissue during well-watered periods [33] because H VPD lowered during WS (figure 7). When water became more limited, an exchange between xylem and adjacent tissue may have been triggered. Indeed, water supply to leaves can be temporarily supported by depletions of stem water storage, decoupling leaf water from soil moisture [58] . Hence, the observed increase in H VPD may reflect an intensive use of stored stem water during the morning and afternoon. Once trees have depleted rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20180085 the available stem water reserves, a decline in soil-to-canopy conductance may occur during drier days, thereby increasing the amount of hysteresis [19] .
Conclusion
In our study, Amazonian canopy trees contributed much more to total T stand , even though subcanopy trees also transpired an amount similar to entire biomes around the globe. Combined, canopy and subcanopy trees are critical components to the maintenance of ecosystem function related to hydrological processes dependent on tree transpiration. Tree water use was much higher during DS, indicating that this eastern Amazon forest appears capable of withstanding the observed DS without restriction on T caused by low soil moisture within the shallow soil horizon. Across the forest, there was an apparent overriding effect of VPD on water use patterns relative to soil moisture during extreme drought, as shown recently for temperate forest trees [58, 64] . In conclusion, atmospheric constraints play a critical role in controlling ecosystem fluxes of water.
Despite observed higher water use during DS, we demonstrated that during a 21-day period with extremely high ENSO-induced water deficit, subcanopy trees are more sensitive to drought and were more conservative in their water use than canopy trees. This pattern may indicate that reduced water supply from the shallow soil, unusually high VPD and an inability of roots to access deep water forced shallow rooted subcanopy trees to limit stomatal conductance and thus water loss. Furthermore, we report a significant hysteresis effect in daily patterns of sap flow that was independent of tree canopy position. The hysteresis pattern was strongly determined by daily VPD intensity, while soil VWC had a weaker effect. Our study highlights the importance of canopy and subcanopy trees in regional hydrology and their resilience to drought during an extreme ENSO event. Competing interests. We declare we have no competing interests. 
